A mixture of extracts from two common vegetables, red pomegranate and turmeric, when photoexcited at 380 nm, produced almost pure white light emission (WLE) with Commission Internationale d'Eclairage (CIE) chromaticity index (0.35, 0.33) in acidic ethanol. It was also possible to obtain WLE in polyvinyl alcohol film (0.32, 0.25), and in gelatin gel (0.26, 0.33) using the same extract mixture. The colour temperature of the WLE was conveniently tunable by simply adjusting the concentrations of the component emitters. The primary emitting pigments responsible for contributing to WLE were polyphenols and anthocyanins from pomegranate, and curcumin from turmeric. It was observed that a cascade of Forster resonance energy transfer involving polyphenolics, curcumin and anthocyanins played a crucial role in obtaining a CIE index close to pure white light. The optimized methods of extraction of the two primary emitting pigments from their corresponding plant sources are simple, cheap and fairly green.
adjusting the dye composition. In order to achieve facile tuning of CIE index as well as the colour temperature of interest, we followed a strategy in choosing two vegetable extracts containing emitting dyes such that they emit in blue-violet, green and orange regions of visible spectrum.
For this purpose, several trials with blue, green and red emitting natural dyes 30 eventually converged on to two easily available vegetable extracts, red pomegranate (Pom) seed juice and turmeric (Tur) extract. The essential emitting pigments in Pom seed juice are a group of polyphenolics and anthocyanins 31 . In general, polyphenols and anthocyanins emit at blue and orange-red region respectively 32, 33 and are found in many of the fruits and vegetables 34 . Curcumin is the essential emitting pigment in Tur extract 35 . The molecular structures of the natural derivatives are shown in Fig. 1a,b respectively.
Pom is rich in antioxidants such as phenolic acids, tannins, flavonols, and anthocyanins 36 . The red colour of Pom is known to be primarily due to six anthocyanin pigments. Hernández et al. have quantitatively and qualitatively analyzed all six anthocyanins by high-performance liquid chromatography and identified them as delphinidin 3-glucoside and 3, 5-diglucoside, cyanidin 3-glucoside and 3, 5-diglucoside and pelargonidin 3-glucoside and 3, 5-diglucoside 37 . The colour of anthocyanins is pH sensitive; in acidic media it shows a red colour, while in alkaline solutions, it turns blue 38 .
There are various methods and sources reported in literature for extraction of polyphenols and anthocyanins such as pink petals of rhododendron indicum flowers 32 , Pom 39, 40 , blackcurrant 41 , grapes 42 , red cabbage 43 ,etc. We have adopted a variant of a method reported by Hamidreza et al. 37 , the details of which are given in the section on Materials and Methods.
Results and discussion
Electronic absorption and fluorescence spectral studies were carried out in the extraction medium containing 1% HCl in ethanol. For fluorescence spectra, the excitation wavelength was fixed at 380 nm. UV-visible electronic spectra (black) of Pom and Tur extracts are shown in Fig. 2a and Fig. 2b respectively. The strong absorption band at 535 nm originates from anthocyanins and at ~295 nm from the polyphenolic components 31, 32, 44 . The total anthocyanin concentration was estimated using the known molar extinction coefficient (34300 M −1 cm −1 ) of cyanindin-3-glucoside at 530 nm 45 . Since the amount of emitting natural dyes can change from source to source, the effective concentration of the dyes can be expressed in terms of molarity calculated with this molar extinction coefficient. This practice has been followed in the rest of this paper.
For the Tur extract, a broad characteristic 46 absorption band of curcumin is seen around 350-500 nm with maximum at 420 nm ( Fig. 2b (black) ). This absorption corresponding to ππ * electronic transition has molar extinction coefficient of 55000 M −1 cm −1 at 420 nm in ethanol 43 . The effective concentration of the emitting dye in the Tur extract has subsequently been expressed in terms of molarity calculated with this extinction coefficient. Under UV light excitation at 380 nm, Pom extract shows bluish red emission (inset, Fig. 2a ) (blue) with two bands at 440 nm and 590 nm corresponding to the phenolic and anthocyanin components respectively 32, 33, 44 . For the same excitation Tur extract shows intense green fluorescence emission (green) at around 522 nm 47 (Fig. 2b) .
The CIE chromaticity 48 coordinate for Pom extract appears in the blue-violet region A(0.28, 0.17); and the coordinate for Tur extract appears at green region B(0.31, 0.51) in the CIE diagram ( Fig. 3 ). It is observed that the points A and B appear on the opposite side of the white region in the CIE diagram. This suggested to us that by mixing the two extracts it should be possible to obtain WLE.
Accordingly, a series of solutions were prepared by varying the relative concentrations of Pom and Tur extracts ( Supplementary Table S1 , Fig 1a and Fig. 1b ). Figure 4 shows the trajectory of the colour coordinate of these solutions in the CIE diagram. It is seen that the point C (0.35, 0.33), corresponding It is interesting to see that the trajectory of the colour coordinate actually bends and passes very close to the pure white coordinate. The emission spectrum corresponding to point C covered the entire visible region (400-700 nm) ( Fig. 5a ) with two emission maxima at 480 and 590 nm. These two bands, though appear to be similar to polyphenolic and anthocyanin emissions of Pom, have different characteristics. For the extract mixture, there is a red shift of blue emission band from 440 nm to 480 nm and a significant enhancement as well as broadening of the 590 nm band. Clearly, this change in the emission spectral features is due to contribution from Tur emission. The excitation emission matrix fluorescence ( Fig. 5b ) clearly shows that at 380 nm excitation the emission covers the entire visible spectral range upto about 700 nm.
If the components in the two extracts did not interact photophysically, their emission spectral profile would be additive. Such hypothetical emission spectra ( Supplementary Fig. S3 ) can be created by adding the intensities of component spectral profiles of Pom and Tur extracts ( Supplementary Fig. S2 ). The corresponding colour coordinates of these sum spectra in the CIE diagram are shown in Fig. 6 . The reported quantum yield of malvidin 3, 5-diglucoside anthocyanin 49 is 4.1 × 10 −3 (generally, the anthocyanins are weakly fluorescent) and that of curcumin 50 is 6.3 × 10 −2 . Hence it is seen that the Tur extract fluorescence is much more intense than the Pom extract fluorescence. A comparison of the trajectory, the hypothetical sum spectral coordinates ( Fig. 6 ) and the actual spectral coordinate ( Fig. 3) indicates the possible presence of significant photophysical interaction between the components.
The absorption and emission spectra of the two extracts show significant overlap ( Supplementary  Fig. S4 ) of (i) curcumin absorption band (420 nm) with polyphenolics emission band (440 nm), and (ii) curcumin emission band (522 nm) with anthocyanin absorption band (535 nm). Thus there is a strong possibility of Forster resonance energy transfer (FRET) cascading from polyphenolics to curcumin to anthocyanins. In ordered to examine the presence of FRET, changes in spectral profiles were monitored with progressive addition of Tur extract (0-6 μM) to a fixed amount of Pom extract (50 μM) ( Fig. 7) .
As is seen in the Fig. 7 , with progressive increase of the Tur extract component, there is progressive (i) decrease of the polyphenolics emission around 440 nm, (ii) increase of curcumin emission around 490 nm and (iii) increase of anthocyanins emission around 585 nm. These spectral changes can be ascribed to a FRET cascade from polyphenolics to curcumin to anthocyanins because of the following observations: (i) Significant spectral overlap of emission band of polyphenolics with the absorption band of curcumin, and the emission band of curcumin with the absorption band of anthocyanins, thereby satisfying the essential spectral overlap condition for FRET ( Supplementary Fig. S4 ), (ii) the loss of polyphenolics emission, (iii) the significant loss of curcumin emission intensity in the mixture, (iv) the substantial enhancement of the long wavelength emission at the expense of curcumin emission and (v) the interesting observation that there is a dip of the curcumin emission at 530 nm which is the absorption maximum of anthocyanin absorption.
Observations from a complimentary experiment in which increasing amount Pom extract was added to a fixed Tur extract, given in ( Supplementary Fig. S5 ) shows the progressive loss of curcumin emission intensity with a dip at 530 nm corresponding to maximum spectral overlap of anthocyanin absorption and curcumin emission. This further supports the existence of FRET. The presence of the FRET cascade in the optimized mixture of Pom and Tur extracts thus results in an extended emission spectrum that covers the entire visible spectral range from 400 nm to 700 nm. It also explains the bending of the trajectory towards red thereby making it pass through the pure white CIE. The concept of FRET has been further explored for adjusting the colour temperature. The 'colour temperature' of emission from a source refers to the temperature (in Kelvin unit) at which the colour of black body radiation matches the colour of the emissive source. The CIE coordinates and colour temperatures of a few combinations of Pom and Tur in acidic ethanol have been given in table 1. As is seen in table 1, simple variations in relative composition of the components shift the CIE indices and the corresponding colour temperatures in a facile way. The possibility of WLE using Pom and Tur extracts in media like gelatin gel and polyvinyl alcohol (PVA) film has also been explored. Gelatin is an edible, biodegradable and biocompatible polymer that is produced by the thermal or physical and chemical degradation of collagen. WLE mixture was mixed with prepared gelatin solution and was kept in refrigerator for forming the gel. The resulting solution in acidic ethanol and water (46:54%) forms ( Supplementary Fig. 6a ) white light emitting gel at 15 °C under UV light illumination. Fluorescence spectrum of gel has been shown in Fig. 8a , which covered the visible region from 400 to 650 nm. This gel shows good white light emission under UV light (inset, Fig. 8a ). The CIE colour coordinate for WLE mixed gelatin gel was found to be (0.26, 0.33) (Fig. 8b) .
The prepared dry PVA film was kept with WLE mixture in water-ethanol (10:90) for swelling overnight. Subsequently, the swollen film was allowed to dry ( Supplementary Fig. 6b ). Fluorescence emission spectrum of dye incorporated PVA film shows two bands at 450 and 625 nm (Fig. 9a) . A good CIE coordinate value (0.32, 0.25) was obtained from the corresponding emission spectrum (Fig. 9b) . 
Conclusions
In summary, we have generated white light emission from natural dyes extracted in our laboratory using a green and simple procedure. The optimized mixture of two suitably chosen plant extracts using acidic ethanol, aided by a FRET cascade from polyphenolics to curcumin to anthocyanins, generates almost pure white light, with CIE values of (0.35, 0.33) in solution, (0.26, 0.33) in gelatin gel and (0.33, 0.25) in PVA film. White light emission from such cheap and nature friendly resources could be important in the context of lighting and sensing application. It would be interesting to see if such system can be used as dyes for tunable dye laser applications. To the best of our knowledge this is the first time low cost, biocompatible (edible) natural dyes have been a part of white light emitting system. Given the vast number of excellent natural fluorescent dyes obtainable from renewable biosources, approaches similar to the present could lead to a more extensive range of low-cost and efficient WLE biomaterials with ease of adjusting colour temperature, which will obviate more expensive alternatives currently being pursued. Method for Dye Extraction. Red Pom seeds were squeezed and the extract centrifuged at 5000 rpm.
As reported 37 , the clear supernatant contained polyphenols and anthocyanins as major dye components. The extraction of Curcumin from Curcuma longa root (Tur) was carried out by grinding the rhizome with mortar and pestle using ethanol as extracting solvent. This extract was centrifugated for 5 minutes at 5000 rpm to obtain a clear yellow coloured supernatant that contained Curcumin as the major dye. These optimized methods of extraction are fairly simple and environment friendly.
Polymeric Film and Gel Preparation. Preparation of PVA Film. PVA dry film was prepared by dissolving 1 g in 10 ml of distilled water (10% w/v) at 60 °C. This solution was poured into flat-bottomed dishes in such a manner that a uniform thin layer of liquid covers the surface. This dish was kept in the oven at 80 °C and film was allowed to dry. The dry polymer film could be easily detached from the dish.
Preparation of Gelatin Solution. Gelatin gel was prepared by dissolving 1 g in 20 ml of distilled water (5% w/v) with constant stirring at 65 °C. This solution, when mixed with the dye extracts and set at 15 °C, forms the white emitting gel.
